ABSTRACT This 10-yr Þeld study examined prolonged dormancy (dormancy of more than 1 yr) in Colorado potato beetles, Leptinotarsa decemlineata (Say), from Upstate New York. The research focused on whether the life cycle of the Colorado potato beetle could reduce the effectiveness of crop rotation as a pest management tactic. One set of experiments quantiÞed variation in the occurrence and duration of prolonged dormancy in a natural population. A second set of experiments tested the effect of artiÞcial selection for increased incidence of prolonged dormancy. Of the Ϸ12,600 unselected beetles in the Þeld cages overall survival (ϭ % emergence) averaged 56.5 Ϯ 18.4% (mean Ϯ SD, range ϭ 23.5Ð 84.3%, n ϭ 19 cages). Most (97.7%) of the emerging beetles surfaced after one winter; the remainder (2.3%) emerged after more than one winter in dormancy. The range of variation in the incidence of prolonged dormancy among the experimental cages during the 10-yr period was 0 Ð7.2%. The incidence of emergence from prolonged dormancy was higher among beetles from the Þrst summer-generation [mean Ϯ SD ϭ 3.0 Ϯ 2.0% (10 cages)] than from the second [1.0 Ϯ 1.5 (7 cages)], and signiÞcantly more females than males emerged from prolonged dormancy (female:male ϭ 97:64). Most (Ϸ70%) of the beetles that underwent prolonged dormancy emerged after two winters in diapause; the majority of the remainder (Ϸ29%) emerged after 3Ð7 yr in diapause; and, one beetle (Ϸ1%) emerged after 9 yr. ArtiÞcial selection for prolonged dormancy over three generations did not result in a signiÞcant increase in the incidence of delayed emergence, nor did it result in incidences of prolonged dormancy greater than those in the controls (unselected Þeld-reared beetles and lines selected for 1-yr dormancy). From our results, we conclude that the Colorado potato beetle has considerable variation in both the incidence and duration of prolonged dormancy, and that this variation has strong environmental and genetic determinants. Viewed in the context of the beetleÕs life history, these Þndings lead us to suggest that the evolution of resistance to crop rotation would require strong and sustained selection over large areas.
THE COLORADO POTATO BEETLE, Leptinotarsa decemlineata (Say) , is renowned on two counts. First, it has been a signiÞcant experimental animal for examining the ecophysiology and endocrinology of insects, especially in the very Þne studies by J. de Wilde, his students, and colleagues (e.g., de Wilde et al. 1971 , de Wilde 1975 . Second, it is the primary insect defoliator of solanaceous crops in North America and Eurasia, and each year it accounts for major economic losses (Ferro 1985) . Management of the beetle is complicated by its variable seasonal behavior and its resistance to all known classes of pesticides (Tauber et al. 1988a (Tauber et al. , 1988b (Tauber et al. , 1988c Heim et al. 1990; Roush et al. 1990; Weber and Ferro 1994) . To diversify the strategy for suppressing the pest, and to lessen the negative environmental impact of pest-management procedures, multiple tactics have been recommended; one of these is crop rotation (Lashomb and Ng 1984 , Wright 1984 , Casagrande 1987 , Hare 1990 , Olkowski et al. 1992 , Bellinder et al. 1994 .
Throughout most of its range, the Colorado potato beetle has two or three generations per year, and seemingly the last one enters diapause and overwinters in the soil. In actuality, a large portion of each generation enters diapause and burrows into the soil either after oviposition or without reproducing (Ushatinskaya 1966a, Tauber et al. 1988c , Senanayake et al. 2000 . Thus, the overwintering population is composed of beetles from early and late summer generations, as well as those from early autumn. Some (but certainly not all) beetles enter prolonged dormancy, i.e., they undergo diapause in the soil for Ͼ1 yr (Isely 1935 , Ushatinskaya 1966b , Biever and Chauvin 1990 .
Previous studies have shown that insect pests (e.g., northern corn rootworms, Diabrotica barberi Smith & Lawrence) have evolved resistance to crop rotation through selection for increased incidence of prolonged dormancy (Krysan et al. 1986 , Levine et al. 1992 . Thus, given the Colorado potato beetleÕs re-markable capacity to evolve resistance to pesticides and the noteworthy local variability in its phenology (e.g., Tauber et al. 1988a , Senanayake et al. 2000 , it is crucial to assess the beetleÕs ability to alter its life cycle in response to crop rotation.
Herein we present results of a 10-yr Þeld study that had two goals. First, we assessed the characteristics of prolonged dormancy in a natural population of Colorado potato beetles in northeastern United States. Second, we tested whether the incidence of prolonged dormancy could be increased through artiÞcial selection under Þeld conditions.
Materials and Methods

Survival and Emergence (Unselected Stock from
Field-Collected Adults). Given that Colorado potato beetles in the Upstate New York area usually have only two generations per year, we tested the incidence of prolonged dormancy in beetles that originated from the Þrst and second generations. Each year for 8 yr (1986 Ð1993) we collected Colorado potato beetle adults from potato plots in Upstate New York, overwintered them in Þeld cages, and monitored subsequent emergence; a total of 12,607 adults was collected and overwintered. All of the materials and protocols for establishing and maintaining the caged populations and monitoring the patterns of emergence were given previously (Tauber et al. 1994) . In that article we fully described the patterns of emergence after the Þrst winter. To study prolonged dormancy, we continued to maintain and monitor the cages for emergence through 1995. Thus, we accumulated data on the Colorado potato beetleÕs pattern of emergence over a period of 9 yr (with the length of time varying among individual cages depending on the initiation date of each).
Our procedures for maintaining and monitoring the cages followed those used during the Þrst year of emergence. Late during each autumn, long after beetles had disappeared from Þelds, we removed the covers on all cages to allow for accumulation of snow cover; we replaced the covers before beetles began emerging in the spring. After emergence began, we counted, sexed, and removed beetles from the cages every 2Ð3 d. Cages were kept tightly sealed and were maintained without vegetation throughout the ßight season; it is highly unlikely that any feral beetles entered the sealed cages. Collection dates and the incidence of emergence for each cage are provided in Table 1 .
Selection Experiments. We conducted two experiments to select for prolonged dormancy. The Þrst began in 1987 when we overwintered Þeld-collected adults and subsequently followed their postdiapause emergence in 1988 and 1989. Selection for prolonged dormancy began during the summer of 1989 when we reared and maintained the offspring of beetles that emerged after 2 yr of dormancy (F 1 ). Selection for prolonged dormancy continued for three generations (in 1989, 1991 and 1993) . The second experiment was identical to the Þrst except that it began 2 yr later (1989), and it continued for only two generations (1991, 1993) . For both experiments, emergence was monitored through 1996.
Two types of controls accompanied each of the above selection experiments. The Þrst tested for generational effects by selecting for a 1-yr diapause. The protocol for selection consisted of rearing only the offspring of adults that emerged from dormancy after one winter. In experiment 1, the control group that was selected for 1-yr dormancy was initiated with the adults that were collected in 1987; selection began with adults that emerged from dormancy in 1988 and continued annually for three generations, ending in 1991. In experiment 2, the control group that was selected for 1-yr dormancy was initiated in 1989; se- a % ϭ 100 (n emerging in all years/n tested). b % ϭ 100 (n emerging after two or more winters/total n emerging).
lection began in 1990 (F 1 ) and continued through 1991 (F 2 ).
The second type of control tested for environmental effects associated with the year during which rearing and selection occurred. It consisted of unselected beetles that were Þeld-collected and monitored for emergence simultaneously with the experimental lines that were selected for prolonged dormancy. Thus, cages with Þeld-collected beetles established in 1989, 1991, and 1993 served as unselected controls for both experiments 1 (1989, 1991, and 1993) and 2 (1991 and 1993) .
Results
Survival and Emergence (Unselected Stock from
Field-Collected Adults). In the 19 cages that contained Ͼ12,600 unselected, Þeld-collected adults, the incidence of emergence of overwintered beetles over the 9-yr period of emergence ranged from lows of 23.5 and 28.9% (1989, generation 2) to highs of 83.9 and 84.3% (1989, generation 1) ( Table 1 ). The mean Ϯ SD incidence of emergence was 56.1 Ϯ 18.6% (n ϭ 19 cages) (Table 1) . Although the variation in some years was large (see emergence in cages established in 1989, Table 1), the average incidence of emergence did not differ signiÞcantly between beetles from the Þrst and second summer-generations [generation 1: mean Ϯ SD ϭ 59.4 Ϯ 17.1%, n ϭ 12 cages; generation 2: mean Ϯ SD ϭ 55.3 Ϯ 22.2%, n ϭ 7 cages; t-test, t ϭ 0.428, P Ͼ 0.05, df ϭ 17 (Table 1) ].
A great majority [97.7 Ϯ 1.9% (mean Ϯ SD, n ϭ 19 cages)] of the beetles emerged after they had been in dormancy for only one winter ( Table 2 ). The incidence (mean Ϯ SD) of emergence after the second winter (ϭprolonged dormancy) was 2.2 Ϯ 2.0% (n ϭ 14 cages that were monitored for Ͼ5 yr), and values ranged from lows of zero (1989, two cages) to a high of 7.2 (1990) ( Table 1) .
Emergence from prolonged dormancy occurred in at least two cages during each of the 9 yr of emergence (1987Ð1995) ( Table 2 ). Most (Ϸ70%) of the emergence from prolonged dormancy occurred after the second winter, most of the remainder after winters three through seven, and in one cage emergence occurred after 9 yr of dormancy (Tables 2 and 3 ).
The average incidence of prolonged dormancy was signiÞcantly higher in beetles that originated from the Þrst summer generation (mean Ϯ SD ϭ 3.0 Ϯ 2.0%, n ϭ 10 cages that were monitored for Ͼ3 yr) than in those from the second summer generation (1.0 Ϯ 1.5%, seven cages that were monitored for Ͼ3 yr) (t-test, t ϭ 2.233, df ϭ 15, P Ͻ 0.05,). The incidence of prolonged dormancy was greater among females than males (total females:males ϭ 97:67; chi-square test for 1:1 sex ratio, 2 ϭ 2.74, df ϭ 1, P Ͼ 0.05) (Table 3) . However, the duration of prolonged dormancy was independent of gender (G ϭ 9.18, df ϭ 6, P Ͻ 0.001).
Selection for Prolonged Dormancy. Under selection for prolonged dormancy in experiment 1 (initiated in 1987), the incidence of delayed emergence increased notably, to 15% in the F 2 generation (one cage) (Table 4) . However, the trend was drastically reversed (to 0 and 1.3%) in the F 3 generation. In experiment 2 (initiated in 1989), the incidence of delayed emergence was relatively high (3.3 and 6.7%, two cages) after one generation of selection for prolonged dormancy, but the second generation yielded only 0 and 2.0% delayed emergence (Table 4) . Although the numbers are small, the incidences and patterns of emergence from prolonged dormancy appeared to be similar among Þeld-reared lines that were selected for prolonged dormancy, or selected for dormancy that lasts only 1 yr, or unselected (Þeld-collected).
Discussion
Prolonged dormancy was reported previously in Colorado potato beetle populations from western North America and eastern Europe (Isely 1935 , Ush- Duration of Prolonged Dormancy. At least one beetle in our study remained dormant for 9 yr, others for up to 7 yr. Previously, Ushatinskaya (1966b) and Biever and Chauvin (1990) recorded dormancy of 3 and 5 yr, respectively, in populations from the Transcarpathian region of the former USSR and from Washington State. These periods are of considerable duration, but by no means, are they especially long among insects (e.g., Powell 1989) .
Geographic Variation. As in many species of insects (Tauber et al. 1986, Tauber and Tauber 1993) , the capacity for prolonged dormancy in the Colorado potato beetle allows a proportion of the population to survive through unfavorable years (e.g., when drought, crop failure, or crop rotation makes host plants unavailable). Such an adaptation would also incur a distinct reproductive cost (i.e., reproduction is delayed until emergence occurs and fecundity and/or fertility may be reduced relative to that in conspeciÞcs that did not undergo prolonged dormancy). Thus, it is reasonable to expect that the incidence of prolonged dormancy would be variable among populations and related to the predictability, frequency and severity of unfavorable periods.
Following the above lines, Biever and Chauvin (1990) explained the remarkably high incidence (22%) of prolonged dormancy in Colorado potato beetles from western United States, and our data here are consistent with their explanation. Beetles in western United States commonly occur on wild (weedy) solanaceous host plants in their drought-prone native habitat (Hsiao 1978, Biever and Chauvin 1990) ; thus, a high propensity for prolonged dormancy would be advantageous. In contrast, the incidence of prolonged dormancy is relatively low in populations that were introduced with cultivated potato plants into eastern Europe (Ͻ1%) (Ushatinskaya 1966b) . And, herein we showed that prolonged dormancy is present in low frequency in a population from Northeastern United States (Ϸ2%) ( Table 1) . Colorado potato beetles arrived in eastern United States after the introduction of cultivated solanaceous crops and they are not com- a 100 (n emerging/164) (164 ϭ total emerging from prolonged dormancy). Experiment 1 began in 1987, experiment 2 in 1989; emergence was monitored in both experiments through 1996. Controls for the selection experiments consisted of (A) lines selected for dormancy of one year and (B) unselected Þeld-collected beetles that were overwintered under natural conditions in the Þeld. n ϭ total number of beetles that emerged during all years. monly found on wild solanaceous plants in this part of their range. The contrast between eastern and western populations provides additional evidence that the beetle has the genetic variability to alter the incidence of prolonged dormancy in response to environmental conditions.
Response to Artificial Selection. Despite the above evidence that the expression of prolonged dormancy in the Colorado potato beetle is geographically labile, our selection experiment in the Þeld did not demonstrate a rapid change under artiÞcial selection. There was considerable unexplained variation in our samples and the frequency of the prolonged dormancy was not increased by the regimen that we imposed under Þeld conditions for two or three generations.
Why should this disparity exist between natural populations and the cage experiments? We propose two reasons, which are not mutually exclusive. The Þrst is that the expression of prolonged dormancy in the Colorado potato beetle may be strongly inßuenced by environmental conditions, especially moisture (Biever and Chauvin 1990) which was not controlled in our experiments. Such gene ϫ environment interactions could have reduced the strength of natural selection for prolonged dormancy in our experiments.
A second consideration is that Colorado potato beetle females mate before entering dormancy and they may carry viable sperm over the winter (Ushatinskaya 1966a) . Thus, previously mated females that emerge from prolonged dormancy after a year or more of rotation away from solanaceous crops, would produce a signiÞcant number of offspring whose fathers were not selected for prolonged dormancy. That is, their offspring would carry the siresÕ "unselected" genes. Thus, during our experiments, the F 1 generation may have experienced very weak natural selection for prolonged dormancy.
Another factor, which was not observed in our experiments, could inßuence the response to selection for prolonged dormancy in the Þeld. That is "recurrent diapause"Ñthe reentry into diapause after reproduction, or in some cases without reproduction. This phenomenon has been reported to occur in about onethird of adult beetles from some populations in the former USSR (Minder and Petrova 1966) . Physiologically, these beetles could represent an intermediate step between the reproductive condition and prolonged dormancy, and their presence could enhance the evolution of prolonged dormancy.
Implications for Crop Rotation. At this time, the question remains open as to whether the Colorado potato beetle would evolve resistance to crop rotation. Clearly, the life cycles of other pests, notably the northern corn rootworm, have adapted quickly to crop rotation (Krysan et al. 1986) . And, over the years, the Colorado potato beetle has demonstrated a remarkable ability to overcome pest management measures. Moreover, our evidence here shows that regional populations of the Colorado potato beetle express a pattern of variability in the incidence of prolonged dormancy that is consistent with evolutionary adaptation over historic times.
Despite the above, a number of factors indicate that resistance to crop rotation is not likely to evolve quickly in the Colorado potato beetle. First, our selection experiments, which admittedly were carried on for only three and two generations (experiments 1 and 2, respectively) showed little or no consistent change in the incidence of prolonged dormancy under selection pressure. Second, the seasonal reproductive biology of the beetle has a number of traits that would tend to decelerate the evolution of resistance to crop rotation (e.g., female carryover of sperm). And, Þ-nally, Colorado potato beetles are known to disperse readily between Þelds and between hedge rows and Þelds both before and after overwintering Ferro 1990a, 1990b; French et al. 1993; Hoy et al. 2000) . This habit would maintain unselected genes in the population and slow the evolution of resistance to crop rotation.
Thus, we conclude that it is unlikely that populations of the Colorado potato beetle from eastern U.S.A. would readily evolve resistance to crop rotation without the introduction of intense selection over large regions (i.e., the synchronous removal of solanaceous host plants from farms over relatively large areas). Given past studies and our recent work herein, we are conÞdent that crop rotation remains a viable and sustainable practice for managing the Colorado potato beetle (Wright 1984 , Olkowski et al. 1992 , and that regional conditions (removal of wild and cultivated alternate host plants, cover cropping, trap cropping) can increase its efÞcacy.
